is limited to substances whose half-time for equilibration is greater than 0.003 set, the practical limit of reaction velocity which can be observed in existing rapidmixing apparatus.
The rapidity of equilibration between extracellular and intracellular concentration is dependent upon the ratio of the size of the intracellular reservoir or sink for the diffusing substance to the membrane permeability. Equilibration time decreases as either the effective sink size decreases or permeability increases. In the case of nitrogen, a chemically inert gas, diffusion equilibrium across the cell membrane is complete in less than 0.001 set (14) , and the exchange process cannot be studied with available techniques because it permeates the membrane rapidly and can be stored in the cell interior only in physical solution.
02 and CO have a large intracellular sink since they combine with hemoglobin, and therefore reach equilibration more slowly, permitting observation of the rate of the process ( 15). However, the rate of exchange is limited to a large degree by intracellular gas diffusion and probably not by the diffusion resistance of the membrane, so the latter's permeability cannot be computed. Intracellular gradients of bound 02 and CO result from the slow diffusion of the large ligand-hemoglobin complex in the concentrated solution present inside the cell (26). The rate of chemical reaction between the ligand and hemoglobin is actually less important in determining the speed of gas uptake than the rate of diffusion.
Therefore, we cannot measure membrane permeability with greater accuracy by using a gas which reacts more rapidly with hemoglobin in solution.
Weak acids with pK considerably below intracellular pH or weak bases with an acidic pK above intracellular pH are ideal for studying membrane permeability because: a) on entering the cell the uncharged molecules are ionized almost instantly ( 13) and completely; b) the strong buffering capacity of hemoglobin neutralizes the H+ or OHproduced, thus providing a large sink; and c) the ionized reaction product is small and diffuses as readily as the unionized molecule.
Therefore, intracellular gradients of the ionized and unionized molecules should be negligible. The exchange is rate limited by diffusion across the red cell membrane, permitting calculation of the membrane permeability. We have measured the rate of extracellular pH change of human erythrocyte suspensions in a continuous-flow rapid-reaction apparatus as either ammonia or one of seven weak acids penetrated the cells. The time course of intracellular and extracellular concentrations of these compounds was calculated from measurement of extracellular pH, enabling us to compute membrane permeability.
MATERIALS AND METHODS
The continuous-flow rapid-reaction apparatus modified for pH measurements is shown in Fig. 1 . The cell suspension and a permeant solution were propelled into a mixing chamber in a volume ratio of either 1: 1 or 1: 2.5, respectively, by the two 130-ml motor-driven syringes. The reactant mixture flowed through a 1.7-mm-diam glass tube of variable length at a linear velocity of about 280 cm/set and impinged on the tip of a glass pH electrode. The time which the cells in the mixture reaching the pH electrode had been exposed to the permeant molecule was linearly related to the length of the glass tube. A correction of -t-O.005 set was made to compensate for the effect of a stagnant layer of reactant mixture present on the electrode surface (unpublished observations).
Initially only two syringes were used, but the apparatus was later modified to accept four syringes so that at pH less than 8.7. KC1 was substituted for NaCl in experi-;~~nts conducted at higher pH or in more concentrated salt solutions. Cation error was absent in KC1 solutions at pH less than 9.3, the upper limit of pH attained in our experirelents.
Erythrocytes were separated from freshly drawn heparinized human blood by centrifugation at room temperature. Cells were washed 3 times with isotonic NaCl or KC1 and resuspended in the same medium. Solutions of ammonia ore prepared from reagent grade NH&l or (NH&SO4 . Acid solutions were standardized by titration. The pH of ycrmeant solutions was adjusted with NaOH or HCl to the tfesired value. The acidic dissociation constant for ammonia ;j t 0.15 ionic strength at 37 C was taken from Banks and Schwartz (2); the other values were determined by titration at 37 C (Table 1) .
The pH of the reactant solutions was determined anaerobically at 37 C with a glass electrode (type 130, Ingold, Inc.) using a saturated calomel reference electrode. The pH Illeasurements with this electrode were identical with those obtained in the reaction apparatus during flow. IntracelluIx pH was assumed equal to the pH of a lysate of erythrocytes separated from the cell suspension by centrifugation for 30 min at 2,750 X g and frozen in an acetone-Dry Ice . Values of 1.6 X 10-e cm2 and 8.7 X 10-r' cm3 were used for red cell surface area and volume, respectively (2 7).
RESULTS

AND CALCULATIONS
The time course of pH in experiment 4 with NH3 is shown in Fig. 2 
where K, is the acidic dissociation constant at the ionic strength of the reactant mixture.
Equilibrium is assumed to exist at all times because the velocity of the ionization reactions is great in comparison to the velocity of NH3 movement (13).
Q,, the amount of NH3 , in moles, that has left the extracellular fluid at any time is:
where V, is the extracellular fluid volume. Assuming conservation of mass and a negligible amount of ammonia present in the cell membrane, Q is also equal to the total amount of ammon ia in the intracellular fluid :
where the subscript i refers to intracellular concentrations and Vi is the effective volume of intracellular fluid, taken to be 0.7 17 of the total cell volume (32). Because the buffering curve of hemoglobin, that is the H+bound plotted against pH, is approximately linear (11) we can relate the intracellular
[H+] to Q as follows : where B = moles H-tbound/ (moles Hb X ApH), taken to be 2.54 ( 1 l), and it is assumed that all NH3 entering the red cell is ionized. Table 2 . PNH~ averaged 1.10 X low2 cm/set, 3 times as great as that of water under a diffusion gradient (0.33 X 10v2 cm/set) (3). This method can be adapted to measure permeability to weak acids, as illustrated in Fig. 4 where the change in extracellular pH with time following mixture of butyric acid and a red cell suspension is plotted. In the acid experiments the sign of the exponent in equation 5 becomes water flux into (experiment 5) and out of (experiment 6) the cell are plotted in Fig. 6 . Permeabilities for the two experiments were essentially the same, 1.32 X low2 cm/set with water flux in and 1.40 X 10D2 cm/set with water flux out. The slightly higher value was obtained when water was flowing against the direction of NH3 flux, the opposite of the expected effect of solvent drag. Permeabilities measured during no water movement (experiment 7) and during water efflux in experiment 6 were also the same. Even when the osmotic gradient was increased to 1,100 mOsm/liter (experiment IO), no change in PNH~ was noted as compared to the control experiment (experiment 9). Similar experiments comparing the flux of formic acid, a more slowly penetrating solute, into red cells with (experiments 20 and 22) and against (experiments 21 and 23) water flux were conducted, but no consistent effect of solvent movement on solute flux was seen. The major water flux was complete long before the formic acid equilibrium was attained.
Therefore only the initial portion of the curve of formic acid concentration versus time was used in the calculations of permeability in Table 3 were completed in less than 1 set, usually 0.1-0.2 set, anion exchange should not interfere with the measurements.
Variations in the concentration of the organic anion had no effect on the permeabilities which were calculated, assuming movement of only the uncharged acid (Table 3) .
/--In the ammonia experiments the extracellular [OH-] was large and the exchange of Cl-for OH-across the membrane could possibly invalidate the interpretation of the extracellular pH change. In those experiments in which the pH started at a relatively high value, pH decreased rapidly to a plateau in 0.2 set, as shown in the insert in Fig. 2 . At this point there was no NH3 gradient across the membrane (Fig. 3) . Although the final equilibrium pH was much lower (7.63 in the experiment shown in Figs. 2 and 3 ) the plateau remained almost constant to 1.4 set, the longest reaction time that can be observed in our apparatus.
After the initial rapid pH decrement due to NH3 movement, pH was 8.22 at 0.243 set, and 8.19 at 1.33 set, a drop of only 0.03 pH in about 1 sec. It is likely that this slow pH change represents exchange of Cl-for OH-across the membrane (37). Using these figures, we have computed an approximate value for OH-permeability of 2.6 X 10m5 cm/set at pH 8.2. Considering the small change in [OH-] and the errors involved in measurement of such a small difference, this agrees quite well with investigations of OH-permeability in our laboratory, which indicates that the permeability at this pH is 1.1 X 10m5 cm/set (8).
The permeabilities listed in Tables 2 and 3 are greater for compounds with higher lipid solubilities. Penetration of a lipid membrane is dependent upon two factors, the diffusion coefficient of the permeant in the lipid and the partition coefficient between the membrane and the surrounding aqueous phase ( 12). The square root of molecular weight provides a practical index of the relative diffusion coefficients of small molecules.
Since determination of the membranewater partition coefficient is not feasible, the olive oil-water coefficient was substituted (Table 4 ). The product of permeability and square root of molecular weight is plotted as a function of the olive oil-water partition coefficient in Fig.  7 . The linear relationship indicates the data are compatible with penetration through a lipid diffusion barrier. However, we cannot conclude from the data that transfer through "pores"
was not a factor in the movement of these molecules. The use of the olive oil-water partition coefficient is at best a crude approximation, and the solubility of a substance may vary widely from one lipid to another.
For example, we found that the olive oil partition coefficient of ammonia (0.02) is more than 6 times that of mineral oil (0.003), so that if we used the latter value in Fig. 7 , the data for NH3 would be displaced further from that of the larger molecular weight acids. Green ( 18) has measured the rate of penetration of saturated monocarboxylic acids into human erythrocytes and his results are qualitatively similar to ours. He also found increasing rates of penetration with increasing length of the carbon chain from one to five atoms. Above five carbon atoms the rates began to decrease. In his experiments Green measured changes in intracellular oxyhemoglobin concentration, inferring that these gave a reliable indication of increasing intracellular hydrogen ion concentration as the acid entered the cells. In support of this method he noted that the dissociation of oxygen from a hemoglobin solution was essentially complete in 0.02 set (20). However, in cell suspensions, as opposed to hemoglobin solutions, the rate of Bohr shift is more than an order of magnitude slower; the half-time at room temperature is 0.190-0.3 10 set ( 16). In the case of rapidly permeating acids, the change in oxyhemoglobin concentration should be limited both by acid penetration and the rate of the Bohr shift. where rs is the radius of the solute molecule, and rp is pore radius. Using this equation, the observed sevenfold difference in ammonia and formic acid permeabilities, which equals their diffusion coefficients in free solution times the effective pore area, would be expected in a 4.0-A pore (27) according to equation 8, if the two molecules had radii of slightly greater than 1.0 and 2.0 A, respectively. Available data on interatomic bond lengths of these two molecules indicate that these radii are fairly reasonable (36). In the pore model very small changes in molecular size have quite large effects on the rate of penetration.
However, none of the remaining data can be fitted to this pore size. Observed permeabilities of lactic and barbituric acids are only slightly less than formic acid, even though they are much larger molecules.
The other aliphatic acids have greater permeabilities than formic acid, even though they should be less able to diffuse through an aqueous channel. For example, valeric acid, a molecule much larger than formic acid, has a permeability 17 times greater than the former.
It is reasonable to expect that a molecule such as this, with a significant lipid solubility, would pass through the membrane substance itself. Stein (34) has pointed out that permeabilities calculated on the basis of equation 8 differ from measured permeabilities by a factor as large as 10,000.
If ammonia and formic acid movement occurs through pores, then their rate of entry into the cell might be affected by solvent flow. However, in neither of our experiments with these substances were we able to demonstrate any solvent drag. Transport of a solute particle through a large water-filled pore during solvent flow is the result of two processes, diffusion and convection. Total flux of solute, Js , is described by the differential equation ( In addition, vC, would no longer equal the convected solute, because v is the linear velocity of the solvent (precisely the velocity of the solution as a whole), and the solute would travel at a lesser velocity because of friction with the wall ("sieving" (24)). Frictional resistance between solute and wall will therefore decrease both terms on the R.H.S. equation 9, and moreover it can be shown (and is intuitively reasonable) that the proportional decrease will be the same. Therefore VAX/D, will be the same even if there is friction between the solute and the membrane.
Note that we are considering only friction within a pore and not that at the entrance.
The effect of solvent drag on solute transfer can be de- J Stflow = J Stdiff 11, , the diffusion coefficient of the formic acid in bulk solution, is 1.5 X 10d5 cm?/sec at 18 C? The linear velocity of the solution, v, equals volume flow rate per crosssectional area available for water flow, but is difficult to assess because the pore area is unknown.
However, we can obtain a minimal value for the pore area from the experiInental measurement of the diffusion permeability of the red cell for water, P, :
where D, is the free self-diffusion coefficient of water; F,, r is the fraction of the total red cell surface area represented by the restricted pore area for water (24) and Ax is the path length. This restricted pore area for water is less than the actual geometric pore area. Thus, a maximal estimate of the average linear velocity (v,,) of where P is permeability, a is the membrane-water partition coefficient (assumed equal to the olive oil-water coefficient), MW is molecular weight, and the subscripts ox) and Val represent oxygen and valeric acid respectively'* The values of a are taken from Table 4 , and that of Pvai from Table 3 . Another approach to an estimate of POX! is through X, which is the ratio of the permeability of the red cell wall to that of the cell interior; in other words : CD oxy of the wall/wall thickness)/(D,,, of the cell interior cell thickness).
The diffusion coefficient of 0 2 at 37 C in 18 mM hemoglobin solution is taken as 7.6 X 10-G cm2/sec and the best estimate of average cell thickness as 0.8 p (15), making the permeability of the cell interior equal to 0.095 cm/set. Therefore X = 0.089/0.095 = 0.94. Probably the best direct experimental estimate of X is 1.5, obtained from comparisons of the rates of red cell gas uptake and calculations of the expected rates of gas uptake of a comparable layer of hemoglobin ( 15). In view of the numerous approximations involved, the agreement between these two estimates of X is gratifying. 
